ABSTRACT: Colony formation by Phaeocystis globosa was enhanced in terms of colony size when solitary P. globosa cells were grazed by the heterotrophic dinoflagellates Noctiluca scintillans and Gyrodinium dominans. Enhancement of colony size in the grazing treatment was evident after 5 to 8 d. Grazing by N. scintillans increased the mean colony size by up to 50% relative to the controls, whereas grazing by G. dominans enhanced the mean colony size by up to 3-fold. Microscopic observations confirmed that N. scintillans was also able to ingest small colonies. In contrast, G. dominans apparently did not ingest colonies, and in most cases the abundance of colonies was also increased in the grazing treatment. Up to 92% of P. globosa cells were in colonial form when G. dominans was present, in contrast to < 31% in the controls. Enhanced colony formation provided refuge for P. globosa cells such that G. dominans starved and declined after the initial depletion of solitary P. globosa cells. Slow recovery of starved grazers subsequently allowed solitary P. globosa cells to resume exponential growth. The apparent specific growth rate of colonial P. globosa cells was not different from that of solitary cells; thus, the costs of colony formation must be sought elsewhere. 
INTRODUCTION
In aquatic ecosystems, a phytoplankter's defense capability against grazers not only has immediate effects on its own survival, but also bears consequences on competition and trophic cascades within the systems (Agrawal 1998) . Two of the most frequently discussed defense strategies are chemical defense and morphological defense. Chemical defense invokes the production of extra-or intracellular chemicals that act to deter predators (Berenbaum 1995 , Hay 1996 . In a spatially variable and dynamic planktonic system, diffusive loss of extracellular defense chemicals in the medium would render the strategy costly and inefficient. Diffusion of extracellular defense chemicals also poses the problem of 'distributed benefits' to the producers, putting them in a disadvantageous position relative to their competitors (Lewis 1986). Since unicellular phytoplankters are usually engulfed whole, a defense strategy that involves intracellular chemicals (e.g. toxin) would be favorable only if the chemicals exert their effects before ingestion takes place. Thus, unless behavioral avoidance of chemically defended cells by grazers can be demonstrated, the adaptive significance of intracellular chemical defense mechanism is debatable. These arguments do not refute the harmful effects phytoplankters may have on grazers, but they call into question the evolution of antagonistic chemical interactions in the planktonic systems (Lewis 1986) .
Morphological defense, on the other hand, is perceivably more favorable in an evolutionary context since this strategy benefits only the individuals that invest in such a defense. Among aquatic phytoplankters, morphological defense usually involves the production of protective external structures, such as siliceous or calciferous shells and spines in diatoms and forams. Another means of morphological defense is to increase in size to beyond the handling capacity of the predators. A well-studied example is the colonyforming chlorophyte Scenedesmus sp., which often dominates in freshwater systems. Colony formation in Scenedesmus sp. greatly increases when the solitary cells are grazed upon by Daphnia sp. (Lürling & van Donk 1997 , Lürling 1999 , and the effect is mediated by infochemicals released during the grazing process (Lürling & van Donk 1997 , Lürling 1998 . Defense theory dictates that any defense should be associated with a cost to the organisms (Mole 1994 , Agrawal 1998 ). In the case of Scenedesmus sp., colonial cells suffer from a reduced specific light absorption coefficient (Lürling 1999) or a higher sinking rate than the solitary cells (Lürling & van Donk 2000) .
In marine systems, a good candidate for the study of morphological defense is colony-forming Phaeocystis sp. (Prymnesiophyceae). Phaeocystis is a globally distributed genus that often dominates the local phytoplankton communities (Lancelot et al. 1998) . The complex life cycle of Phaeocystis sp. involves an alternation between solitary cells of a few micrometers and mucilaginous colonies of up to a few millimeters in size (Rousseau et al. 1994) . Much remains unknown of the biological roles of different life stages and the regulation of transitions between stages (Rousseau et al. 1994 , Lancelot et al. 1998 . Nevertheless, the prevalence of the colonial form in natural Phaeocystis sp. blooms in contrasting water types prompts the ideas that Phaeocystis sp. colony formation is regulated by common factors (Lancelot & Rousseau 1994) and that it contributes to the species' success in marine systems (Rousseau et al. 1994 , Lancelot et al. 1998 . Although data are still scanty, protozoans have been shown to graze on Phaeocystis sp. solitary cells, sometimes at high rates (Weisse & Scheffel-Möser 1990 , Hansen et al. 1993 , Verity 2000 , Tang et al. 2001 . Thus, it has been speculated that colony formation in Phaeocystis sp. is a defense strategy against grazing due to size mismatch between the colonies and the protozoans, and mechanical protection by the colony's mucous envelope (Weisse et al. 1994 , Lancelot et al. 1998 , Hamm et al. 1999 , Ploug et al. 1999 . Such an argument begs for evidence that grazing on solitary cells enhances colony formation in Phaeocystis sp., which in turn increases the survival of Phaeocystis sp. cells. Yet, to our knowledge, such evidence has been missing. Despite the wide-ranging environmental impacts of dense Phaeocystis sp. blooms, Phaeocystis sp. is generally not considered a toxin producer. However, there is evidence that Phaeocystis sp. may be harmful to other aquatic organisms under laboratory conditions (Aanesen et al. 1998 , Stabell et al. 1999 . Although these reportedly harmful effects do not necessarily constitute an argument for the evolution of chemical defense in Phaeocystis sp., they may nonetheless reduce grazing pressure and facilitate bloom formation.
The goal of the present study was thus to investigate whether protozoan grazing of solitary cells enhances colony formation in Phaeocystis sp., the subsequent effects on the protozoan grazers and whether there is a cost associated with colony formation as predicted by the defense theory. We also tested the possibilities that Phaeocystis sp. cells have direct negative effects on the protozoans under defined conditions. For the present study we used Phaeocystis globosa, one of the most widely distributed Phaeocystis species in the world's oceans (Lancelot et al. 1998 ). For grazers we used 2 cosmopolitan naked heterotrophic dinoflagellates, Gyrodinium dominans and Noctiluca scintillans, which are commonly found in areas infested by Phaeocystis sp. G. dominans is an important grazer in coastal waters (Hansen 1991 , Nakamura et al. 1995 , Naustvoll 2000 , and a previous laboratory study has shown that G. dominans feeds and grows efficiently on P. globosa solitary cells (Tang et al. 2001 ). High abundance of N. scintillans has been reported during and after a Phaeocystis sp. bloom (Weisse & Scheffel-Möser 1990 , Frangoulis et al. 2001 and there is also some evidence that N. scintillans can graze on Phaeocystis sp. solitary cells (Weisse & Scheffel-Möser cited in Weisse et al. 1994) . Thus, it is of ecological interest to investigate how grazing by these protozoan species affects colony formation in P. globosa.
MATERIALS AND METHODS

Phytoplankton and grazers.
A non-axenic strain of Phaeocystis globosa (CCMP 1528) was obtained from the Bigelow Laboratory, West Boothbay Harbor, ME, USA. A batch culture of P. globosa was grown in Lmedium (Guillard & Hargraves 1993 ) at 19 ± 1°C, 60 to 100 µmol photons m -2 s -1 in a 12 h light:12 h dark cycle. The culture was maintained in exponential growth phase by regular dilution with fresh medium. A culture of Noctiluca scintillans originating from the California coast was kindly provided by Dr. Peter von Dassow (Scripps Institution of Oceanography, La Jolla, CA, USA) and was maintained in L-medium on a diet of Rhodomonas salina (Cryptophyceae). Gyrodinium dominans culture was originally isolated from the Øre-sund, Denmark, and maintained in L-medium on a diet of Dunaliella tertiolecta (Chlorophyceae). The equivalent spherical diameters (mean ± SD) of the grazers are 1.3 ± 0.18 mm and 15 ± 1 µm for N. scintillans and G. dominans, respectively. Batch cultures of D. tertiolecta and R. salina were maintained in exponential growth in L-medium; aliquots were added to G. dominans and N. scintillans in frequent, but small, amounts such that accidental transfer of residual food to the experimental vessels was negligible.
Before the experiments, solitary Phaeocystis globosa cells were collected by passing the phytoplankton culture twice through an 11 µm sieve under gravity. Preliminary tests showed that only a few small colonies (mostly < 20 µm in diameter) were able to pass through the sieve, and colonial cells made up < 0.3% of the total cells in the final medium. Thus, this procedure is an easy and effective way to separate solitary cells from colonies. All experimental incubations were done on a rotating plankton wheel (0.4 rpm) at 19 ± 1°C, 75 µmol photons m -2 s -1 in a 12 h light:12 h dark cycle. Grazing effects on colony development -Noctiluca scintillans (Noc experiments). Noctiluca scintillans was picked from culture individually, rinsed briefly in L-medium and added to the grazing bottles (120 to 135 ml in triplicate) with 10 4 Phaeocystis globosa solitary cells ml -1 in L-medium. The experiment was conducted twice with different concentrations of N. scintillans (Table 1 ). The final cell concentrations of N. scintillans were comparable to the natural concentrations of a Noctiluca sp. bloom (Schoemann et al. 1998) . In each experiment triplicate bottles without N. scintillans were used as controls. Each bottle was sampled periodically for P. globosa solitary cell and colony concentrations, and colony size (see below). Our hypothesis was that grazing by N. scintillans enhances P. globosa colony concentration and colony size.
Grazing effects on colony development -Gyrodinium dominans (Gyro experiments). The experiment was conducted twice with different concentrations of Gyrodinium dominans and Phaeocystis globosa solitary cells in L-medium (620 ml bottles in triplicate) ( Table 1 ). The resultant predator-to-prey ratios are within the range of observed ratios between heterotrophic dinoflagellates and Phaeocystis sp. solitary cells in nature (Weisse & Scheffel-Möser 1990 , Stoecker et al. 1995 ) were incubated with either the grazer-adapted cells or 'reference cells' that had not been exposed to grazers (2 × 10 4 ml -1 P. globosa cells in triplicate). We followed the growth of G. dominans for 2 d, and our hypothesis was that if P. globosa developed intracellular toxicity after initial exposure to grazers, then G. dominans incubated with the grazer-adapted cells would have lower growth than G. dominans incubated with the reference cells.
Starvation and recovery experiment. Colony formation by Phaeocystis globosa may deprive protozoan grazers of food once the solitary cells are depleted. We conducted experiments to investigate whether protozoan grazers could recover after depletion of P. globosa solitary cells. We first mixed a high concentration of Gyrodinium dominans (~800 ml Sample preservation and measurements. For Gyrodinium dominans and Phaeocystis globosa solitary cells, aliquots were drawn with a wide-mouth pipette, preserved in acid Lugol's solution (final conc. 4%) and counted in a settling chamber (G. dominans) or a Sedgwick-Rafter counting chamber (P. globosa solitary cells). For P. globosa colonies, 1 to 3 ml aliquots were transferred with a wide-mouth pipette to a settling chamber with acid Lugol's solution (final volume 3.5 ml, final conc. 4%). The colonies were allowed to settle for at least 4 h before they were counted with an inverted microscope. Twenty to 30 colonies were randomly chosen from each sample and sized with a calibrated ocular meter (200 × magnification). Colony size was measured as the diameter across the mucous envelope of the colony. This simple method was adequate for our purpose since the majority of the colonies were in spherical forms (cf. Rousseau et al. 1990) . Although the mucous envelopes could be observed without staining, preservation in Lugol's solution facilitated settling of the colonies and made the envelopes more visible in dark field. Preliminary tests showed that 4% acid Lugol's solution effectively preserved the colonies for at least 2 d (Table 2A) without affecting the colony size (Table 2B) . Nevertheless, all samples were analyzed within 1 d. On several occasions we also estimated the number of cells per colony. P. globosa cells lie within the mucous envelope of the colonies. Using a counting grid we measured on an inverted microscope the number of cells per unit surface area, then multiplied it by the total surface area covered by colonial cells, assuming an even distribution of cells on the colony.
RESULTS
Effects of Noctiluca scintillans on colony development
In Expt Noc 1, the presence of Noctiluca scintillans had no significant effects on the concentrations of solitary cells and colonies (2-way ANOVA, p > 0.05 for N. scintillans vs control; Fig. 1A,B) . The colonies were significantly larger in the grazing bottles than in the controls throughout the experiments (MannWhitney rank sum test, p < 0.05), but the size difference diminished with time such that the ratio of geometric mean colony diameter between grazing bottles and controls decreased from 1.5 on Day 5 to 1.2 on Day 9 (Fig. 1C) .
In Expt Noc 2, where we started with a higher number of Noctiluca scintillans, solitary cell concentration was significantly lower in the grazing bottles throughout the experiment (2-way ANOVA followed by Tukey test, p < 0.05 for N. scintillans vs control; Fig. 2A ). Colony concentration was significantly lower in the grazing bottles from Day 5 to Day 7 (Fig. 2B) but not on Day 9, when the colony concentration began to decline in the controls (2-way ANOVA followed by Tukey test, p < 0.05). Microscopic observations confirmed that N. scintillans ingested Phaeocystis globosa solitary cells and colonies (Fig. 3) . Colonies in the grazing bottles were initially smaller than colonies in the controls (Day 5, Mann-Whitney rank sum test, p < 0.05; Fig. 2C ). However, as the experiment progressed, colonies in the grazing bottles increased to sizes significantly larger than those in the controls (Day 7 and Day 9, Mann-Whitney rank sum test, p < 0.05). The geometric mean colony diameter in the grazing bottles was 24 and 16% larger than that in the controls on Day 7 and Day 9, respectively. Despite ingestion, N. scintillans did not grow on P. globosa, and the final mean ± SD concentration of N. scintillans in the grazing bottles was 7.8 ± 0.5 ml -1 . Using Frost's equations (Frost 1972 ), we estimated that N. scintillans had a clearance rate of 18 to 23 µl ind.
-1 d -1 and an ingestion rate of 1051 to 1343 cells ind.
-1 d -1 (for a grazer concentration of 7.8 to 10 ind. ml -1 ), or 9.8 to 12.5 ng C ind.
- Weisse et al. 1994 ).
Effects of Gyrodinium dominans on colony development
In Expt Gyro 1, growth of solitary cells was reduced by Gyrodinium dominans during the first 6 d (Fig. 4A) but recovered when the number of G. dominans began to decline (Table 3, Fig. 4C ). G. dominans continued to decrease and became undetectable after 9 to 12 d. The concentrations of colonies in the grazing bottles exceeded those in the controls after 9 d (Table 3) , after which the number of colonies declined in all treatments (Fig. 4B) . Between the high and the low grazing treatments, the colony concentrations were different only on Day 6 (Table 3 ). Colony diameters were not different between the 2 grazing treatments. However, enhancement of colony size in the grazing treatments was evident after 6 d (Table 3 ). The geometric mean colony diameter was 5 to 68% larger in the grazing bottles than in the controls, and the colonies were more heterogeneous in size in the controls (Fig. 4D) .
More pronounced effects were observed in Expt Gyro 2 when we started with higher concentrations of Gyrodinium dominans but maintained similar initial predator-to-prey ratios (Table 1 ). The presence of G. dominans clearly delayed the increase of solitary cells relative to the controls (Fig. 5A) . Colony concentration in the grazing bottles remained low during the first 6 d, after which the number of colonies in the low grazing treatment increased sharply and exceeded that in the other treatments. In contrast, the concentration of colonies in the high grazing treatment remained lower than that in one or both of the other treatments throughout the experiment (Fig. 5B) . Enhancement of colony size due to grazing was evident after 6 and 8 d in the high and low grazing treatments, respectively (Fig. 5C , Table 4 ), during which time G. dominans was in decline ( Fig. 5C ) and Phaeocystis globosa solitary cells resumed exponential growth (Fig. 5A ). The measured pH of the medium (7.85 to 7.97) was not different between the control and the grazing bottles (1-way ANOVA, p > 0.05). At the end of the experiment, colonies in the high and low grazing treatments were, respectively, 4 and 3 times as large as colonies in the controls (Table 4) . Colony size was also significantly different between the high and the low grazing treatments between Day 10 and Day 14.
Partition of Phaeocystis globosa cells between colonial form and solitary form
In the grazing experiments with Gyrodinium dominans (Expts Gyro 1 and Gyro 2), we measured on several occasions the number of Phaeocystis globosa cells per colony. Log colony cell number was linearly related to log colony diameter, and the slope of the regression lines was not significantly different between the grazing treatments and the controls (data not shown). We subsequently combined all measurements and derived a regression relationship between log colony cell number and log colony diameter (Fig. 6) . We then applied the regression to the geometric mean colony diameters for each sampling date to calculate the mean concentrations of P. globosa cells in colonial form and compared that to the average concentrations of solitary cells. In both experiments, ≤ 31% of the cells in the controls were in colonial form (Fig. 7) . Grazing by G. dominans increased the proportions of colonial cells after an initial time lag (Day 2 in Expt Gyro 2). The proportions of colonial cells reached maximum (67 to 92%) in the grazing treatments within 6 d, then decreased as G. dominans decreased but remained higher than that in the controls (Fig. 7) . Table 3 . Hi: high grazing treatment; Lo: low grazing treatment
. Effects of Gyrodinium dominans on colony development in Phaeocystis globosa (Expt Gyro 1). (A) Concentration of P. globosa solitary cells (mean ± SD). (B) Concentration of P. globosa colonies (mean ± SD). (C) Concentration of G. dominans (mean ± SD). (D)
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Test for toxicity in Phaeocystis globosa
Grazer-adapted Phaeocystis globosa solitary cells were collected from the preincubation bottles when Gyrodinium dominans decreased to < 25 ml -1 after 9 d (Fig. 8A ). When these grazer-adapted cells were fed to new G. dominans, the protozoan showed positive initial growth over 2 d, and the growth rate was not different from that feeding on reference cells (Student's t-test, p > 0.05; Fig. 8B ). Thus, our data do not indicate development of cellular toxicity in P. globosa after exposure to grazing.
Starvation and recovery experiment with
Gyrodinium dominans
After depletion of solitary cells, the concentration of Gyrodinium dominans declined steadily over 4 d, and the specific rate of decline was -0.28 d -1 at the end of the starvation period (Fig. 9A) ; mean ± SD). When fed a high concentration of P. globosa cells (2 × 10 5 ml -1 ), the recovery growth rate was negative, at -0.14 d -1 (Fig. 9B) . Table 3 . Expt Gyro 1 with Gyrodinium dominans (Fig. 4) . Comparison of Phaeocystis globosa between high grazing treatment (H), low grazing treatment (L) and control (C). Specific growth rate of solitary cells is calculated assuming exponential growth between consecutive sampling dates. All parameters are tested for significance at p = 0.05. ns: no significant differences 
DISCUSSION
Grazing and colony development in Phaeocystis globosa
Colony formation is a common feature among different Phaeocystis species. A conceivable advantage of colony formation is to counteract grazing of the solitary cells due to the size of the colonies and mechanical toughness of the colony envelope. In the present study, grazing by the heterotrophic dinoflagellates Noctiluca scintillans and Gyrodinium dominans on the solitary cells affected the colony development in Phaeocystis globosa. High initial grazing pressure by N. scintillans led to a reduced number of colonies, whereas with G. dominans in most cases grazing appeared to increase the number of colonies. In all experiments (high and low grazing pressures), colony size increased in the grazing treatments relative to the controls after 5 to 8 d. Colony formation as a defensive response to grazing is common in the freshwater alga Scenedesmus sp. However, there are major differences in the colony structure between Scenedesmus sp. and P. globosa. Scenedesmus sp. colonies are usually limited to no more than a few cells per colony (Lürling & van Donk 1997 , Lürling 1999 ; thus, the effects of grazing are Table 1 largely manifest as an increase in colony abundance (Lürling 1998). In a P. globosa colony, individual cells are arranged on the peripheral mucous envelope while the colony interior remains hollow (Van Rijssel et al. 1997) . Such an arrangement allows the colony to maximize its size with any given number of cells. Also, the colony size and the number of cells per colony are highly variable. In our experiments, some colonies reached > 200 µm in diameter with hundreds of individual cells. Thus, grazing effects may be reflected in colony size, colony abundance or both. Such was the case in Expt Gyro 2, in which colony concentration in the high grazing treatment was lower than that in the control and the low grazing treatment. At first glance this seems to contradict the notion that grazing enhances colony formation. However, if one considers the larger colony size in the high grazing treatment, it becomes clear that a higher proportion of P. globosa cells was in colonial form relative to the controls (Fig. 7) . There also appeared to be a difference in how Phaeocystis globosa responded to the 2 protozoan grazers, which had different feeding behaviors. Gyrodinium dominans swims and captures prey with a tow filament typical of many naked heterotrophic dinoflagellates (Hansen & Caldo 1999) . Retraction of the filament brings the prey into contact with G. dominans, which then engulfs the prey whole through the sulcus. Noctiluca scintillans, on the other hand, does not swim but encounters its prey by ascending and descending through the water column (Kiørboe & Titelman 1998). Prey is captured by a mucus structure attached to the tentacle and engulfed through a cytostome (Hansen & Caldo 1999 and references therein). Since both grazers engulf their prey whole, their ability to ingest Phaeocystis globosa colonies is limited by their cell size. In our experiments with N. scintillans (1.3 mm cell size), the colony size range between the grazing treatments and the controls largely overlapped (Figs. 1 & 2) ; therefore, it cannot be ruled out that the significant difference in colony sizes between the grazing treatments and the controls was a result of N. scintillans remov- ing small colonies. In fact, microscopic observations showed that N. scintillans was capable of ingesting P. globosa colonies (Fig. 3) . In contrast, the small G. dominans (15 µm) did not appear to ingest colonies. High grazing pressure from G. dominans resulted in an overall colony size range higher than that in the controls (Expt Gyro 2, Fig. 5D ), showing that there was an absolute increase in colony size in response to grazing. In Expts Gyro 1 and Gyro 2, P. globosa colony size continued to increase, and the percentage of cells in colonial form remained high relative to the controls even after the die-off of G. dominans in the grazing bottles. Therefore, colony formation in natural P. globosa populations may reflect the influence of grazing activities in the present as well as in the past environment.
The linear log-log relationship between colony cell number and colony diameter that we observed is highly significant (p < 0.001), and the slope (1.61) is comparable to the 1.53 derived by Rousseau et al. (1990) for Phaeocystis sp. A slope < 2 indicates that the packing of cells per unit colony surface area decreases as the colonies increase in size, perhaps an adaptation to or a result of diffusion limitation of nutrients across the boundary layer of the colonies (Ploug et al. 1999) . The lack of difference in the slopes of the regression lines between grazing and control treatments suggests that, while grazing by Gyrodinium dominans induces the colonies to grow larger, the packing of the colonial cells remains unchanged.
Potential costs and benefits of colony formation in
Phaeocystis globosa
It should be noted that colony formation took place in our controls even when grazers were absent. Recent studies have shown that Phaeocystis sp. colonies outcompete solitary cells under high nitrate (Riegman et al. 1992 ) and high irradiance (Peperzak 1993) conditions. The mucilaginous matrix also serves as energy and trace element storage; thus, colony formation may offer certain benefits when external environments are favorable (Lancelot & Rousseau 1994 ). Our study clearly shows that colony formation in P. globosa was not necessarily initiated by grazing, but the process was enhanced by grazing (in terms of colony abundance and colony size). In the experiments with Gyrodinium dominans, P. globosa solitary cells were initially depleted by the grazers but recovered once the grazers began to die off. The decline of the grazers was not due to cellular toxicity of P. globosa but to starvation after the initial depletion of solitary cells. In the recovery experiment, after an extended period of starvation, G. dominans recovered at a very low rate (0.07 d ) of non-starving G. dominans feeding on the same concentration of P. globosa ( Fig. 9 ; Tang et al. 2001) . Protozoans have been shown to reduce their metabolism in response to food depletion, and prolonged starvation leads to slow recovery (Fenchel 1990 ). Thus, an obvious advantage of colony formation in P. globosa is to provide a refuge for the individual cells, depriving the protozoan grazers of food, and the subsequent slow recovery of the grazers allows P. globosa to regain growth at a high rate. Interestingly, starving G. dominans had a negative recovery growth rate when offered a high concentration of P. globosa (2 × 10 5 ml -1
). Negative growth of dinoflagellates under super-saturating ambient algal concentrations is not uncommon, perhaps a result of elevated pH in the medium exceeding their physiological tolerance (Schmidt & Hansen 2001) . Thus, these observations help explain why, in the colony development experiments, G. dominans continued to decline when P. globosa solitary cells regained growth in the grazing bottles.
If (enhanced) colony formation is a strategy of morphological defense, there should be a cost associated with the process as predicted by the defense theory. One possible cost could be a reduced growth rate in the colonial form. To test this hypothesis, we compared the apparent specific growth rate of solitary cells and colonial cells in Expts Gyro 1 and Gyro 2 during the period when both morphotypes were present (Table 5) . For the grazing treatments, only the data after 8 to 9 d were used when reduction of solitary cell growth rate due to grazing was negligible. The apparent specific growth rates of solitary cells were calculated based on the average solitary cell concentrations, assuming an exponential growth between consecutive sampling dates. Mean colony cell numbers were estimated from the geometric mean colony diameters (see regression equation in Fig. 6 ), then multiplied by the colony concentrations to give the mean concentrations of colonial cells. The apparent specific growth rates of colonial cells were calculated assuming an exponential growth between consecutive sampling dates. These growth rates are labeled 'apparent' because the calculations did not take into account release of solitary cells from colonies; nevertheless, such an omission would only underestimate the true growth rate of colonial cells while overestimating the true growth rate of solitary cells. In both experiments, the apparent specific growth rates of colonial cells were initially high but then declined, perhaps due to colony disintegration and detachment of cells from aging colonies (Rousseau et al. 1994 ). Contrary to our expectation, the apparent specific growth rate was not different between solitary cells and colonial cells (paired t-test, p > 0.05). Thus, Phaeocystis globosa cells did not suffer from reduced growth in colonial form, and the potential cost of colony formation must be sought elsewhere.
In their studies with Scenedesmus acutus, Lürling & van Donk (2000) noted that colonial cells had comparable growth rates as solitary cells, but the higher sinking rate of the colonies may drive the cells to the less favorable deeper waters. Van Boekel reported that young and healthy Phaeocystis globosa colonies had sinking rates as high as 5 to 7 m d -1 (cited in Riegman & van Boekel 1996) . However, based on observations of our P. globosa cultures, most colonies maintained nearly neutral buoyancy. Also, the hollow structure of the colonies should allow the colonies to increase in size with only a slight increase in sinking rate. Thus, it is unlikely that sinking would be a substantial cost of colony formation in our experiments. Molecular study has shown that haploid Phaeocystis sp. cells occur only in the solitary phase . Although the biological significance of ploidy of different Phaeocystis sp. life stages remains unclear, one could argue that colony formation reduces the cell's ability to undergo sexual reproduction. Another potential cost of colony formation is reduced nutrient uptake due to an increased diffusive boundary layer (DBL) around the colonies (Ploug et al. 1999) . The maximum geometric mean colony diameter was 305 µm in the present study. According to a modeling study, in a low turbulence environment, as was the case in our experiments (shear rate ≈ 0.01 s -1 ), the thickness of DBL for orthophosphate and inorganic nitrogen are scaled almost linearly to the diameter of colonies smaller than 400 µm (Ploug et al. 1999) . Therefore, colony formation would have increased the DBL thickness by up to ~60 times relative to a 5 µm solitary cell in our experiments. Increased DBL would arguably reduce nutrient uptake by the colonial cells. However, the colonial cells did not suffer from a reduced growth rate relative to the solitary cells in our experiments (Table 5) , perhaps because our experiments were conducted in a N-and P-replete condition (based on the total P. globosa cell concentrations, ~2% of N and 0.5% of P in the medium would have been consumed in all experiments). Thus, it remains to be shown how P. globosa responds to grazing when N and P or other nutrients become limiting.
Grazing and colony size spectrum in natural
Phaeocystis sp. populations
Formation of mucilaginous colonies is one of the most striking features of Phaeocystis sp. Past research efforts have focused on how physical and chemical factors affect the initiation of colony formation (e.g. Peperzak 1993 ; also review by Rousseau et al. 1994 ), but they did not address the issue of what controls the size of the colonies. Unlike many other colony-forming phytoplankters, a natural Phaeocystis sp. population contains colonies of a wide size range, from tens of micrometers to a few millimeters (Rousseau et al. 1990) . A continual increase in colony size inevitably poses the problems of reduced nutrient uptake and enhanced sinking rate, which must be compensated for by certain benefits. Thus, a logical question is: What controls the colony size spectrum of a Phaeocystis sp. population? Our present study has shown that initial grazing by protozoans on Phaeocystis globosa solitary cells led to an increase in colony size. Nevertheless, the colonies in our experiments still covered a relatively narrow size range. If increased colony size is a defense strategy, as indicated by our results, the colony size spectrum would Table 1 depend on the grazing pressure and the food size preference of the ambient grazers. In natural waters, different groups of grazers coexist with Phaeocystis sp. and many of them graze on Phaeocystis sp. cells and colonies to different extents. For example, many protozoan species can feed on solitary cells at high rates (e.g. Weisse & Scheffel-Möser 1990 , Tang et al. 2001 ), but their consumption of colonies is less common (e.g. the present study). Many copepod species can graze on solitary cells (Tang et al. 2001 and references therein) and colonies of particular sizes (Weisse 1983 , Huntley et al. 1987 , Hansen et al. 1990 . Thus, the wide size spectrum of natural Phaeocystis sp. colonies is perhaps a result of grazing pressure from different grazers with different food size preference. Temporal and geographical variations in Phaeocystis sp. colony abundance and size spectra may hence reflect differences in the trophodynamic processes within the pelagic food web.
